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Towards the complete structural characterization of a protein
folding pathway: the structures of the denatured, transition and
native states for the association/folding of two complementary
fragments of cleaved chymotrypsin inhibitor 2. Direct evidence
for a nucleation-condensation mechanism
José L Neira, Ben Davis1, Andreas G Ladurner, Ashley M Buckle, 
Gonzalo de Prat Gay2 and Alan R Fersht
Background: Single-module proteins, such as chymotrypsin inhibitor 2 (CI2),
fold as a single cooperative unit. To solve its folding pathway, we must
characterize, under conditions that favour folding, its denatured state, its
transition state, and its final folded structure. To obtain a ‘denatured state’ that
can readily be thus characterized, we have used a trick of cleaving CI2 into two
complementary fragments that associate and fold in a similar way to intact
protein.
Results: Fragment CI2(1–40) — which contains the sequence of the single 
-helix, spanning residues 12–24 — and CI2(41–64), and mutants thereof, were
analyzed by NMR spectroscopy, the transition state for association/folding was
characterized by the protein engineering method, and the structure of the
complex was solved by NMR and X-ray crystallography. Both isolated fragments
are largely disordered. The transition state for association/folding is structured
around a nucleus of a nearly fully formed -helix, as is the transition state for the
folding of intact CI2, from residues Ser12 to Leu21. Ala16, a residue from the
helix whose sidechain is buried in the hydrophobic core, makes interactions with
Leu49 and Ile57 in the other fragment. Ala16 makes its full interaction energy in
the transition state for the association/folding reaction, just as found during the
folding of the intact protein.
Conclusions: The specific contacts in the transition state form a nucleus that
extends from one fragment to the next, but the nucleus is only ‘flickeringly’
present in the denatured state. This is direct evidence for the nucleation-
condensation mechanism in which the nucleus is only weakly formed in the
ground state and develops in the transition state. The low conformational
preferences in the denatured state are not enough to induce significant local
secondary structure, but are reinforced by tertiary interactions during the rapid
condensation around the nucleus.
Introduction
To understand how a protein folds, we must know in
detail the structures of all states along its folding pathway,
from the starting point of the denatured state to the final
native structure. Denatured states have traditionally been
studied under conditions that cause proteins to be dena-
tured, such as at extreme temperatures or in the presence
of denaturants; these states have been thought to resem-
ble a ‘random coil’ [1]. The denatured state that is more
relevant to folding studies, however, is that which is
present under conditions that favour folding. As this state
is highly unstable, large fragments of proteins have been
used as models for the denatured state [2]. These may
display some residual structure, which could perhaps
reduce the number of conformations that have to be
explored during folding. However, the search for stable
local conformations has focused mainly on regular sec-
ondary structural elements [2].
The truncated 64-residue form of the small monomeric
protein chymotrypsin inhibitor 2 (CI2), lacking the first,
unstructured, 19 amino acids, is a very good model system
for folding studies. Its structure has been solved in solu-
tion by NMR [3,4] and in crystals by X-ray diffraction
[5,6]. The secondary structure defined by NMR and crys-
tallographic studies is: residues 3–5, -strand 1; residues
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5–8, type III reverse turn; residues 8–10, type II reverse
turn; residues 11–12, -strand 2; residues 12–24, -helix;
residues 25–28, type I reverse turn; residues 28–34 -
strand 3; residues 35–45 reactive site loop (extended struc-
ture); residues 46–51, -strand 4; residues 52–55, turn;
residues 55–58, -strand 5; and residues 60–64, -strand 6.
We now number the residues from 1, the first residue in
truncated CI2. 
One of the most important characteristics of CI2 is that it
folds and unfolds via simple two-state kinetics in which no
intermediates accumulate and there is only one kinetically
significant transition state [7–10]. CI2 consists of a single
module of structure and so its folding as a single coopera-
tive unit may be a model for the first steps in folding of
more complex proteins [10]. The structure of the transi-
tion state in its folding pathway has been mapped at the
level of individual residues [9–11]. There are no fully
developed regions of secondary structure in the transition
state for folding, although the N-terminal region of the
helix is well developed [10]. It folds by a nucleation-con-
densation mechanism whereby the structure collapses
around the N terminus of the helix as the helix itself is in
the process of being formed [11,12].
A very useful feature of CI2 is that it can be cleaved into
two fragments, CI2(1–40) and CI2(41–64), by the action of
cyanogen bromide (CNBr) at a naturally occurring methio-
nine residue, and the complementary fragments reassoci-
ate to give a native-like non-covalent complex [13]
through a second-order folding reaction [14]. The second-
order rate constant for the association of the two fragments
thus comprises a collision step and a protein folding
process. Further, the transition state of the association of
the two fragments has been mapped by kinetic and equi-
librium studies on 17 mutants (the ‘protein engineering
method’ — see [15] for a review) and is very similar to that
for the refolding of the intact protein [16]. Preliminary
NMR studies have shown that both isolated fragments are
mainly disordered in aqueous solution, but non-random
local conformations due to hydrophobic interactions were
detected [17]. 
In this study, we characterize by NMR more fully the
structures of the individual fragments in solution, and we
include studies of the effects of mutation and denaturing
conditions on the regions that were previously speculated
to be structured. We have applied a simple structure pre-
diction method to both fragments to compare with the
experimental results. We extend the characterization of
the transition state for association by including another six
mutants, in particular Ala16→Gly. The sidechain of Ala16,
which is in the -helix, interacts with the residues in the
core, especially with sidechains from the other fragment.
It is the only sidechain in the intact protein that makes its
full interaction energy in the transition state for folding. It
appears to be a key residue for stabilizing the helix, which
is the nucleus for folding [11,18], a finding independently
predicted by computer analysis [19]. 
Results
The denatured state: structure of the CI2 fragments
Structure of CI2(1–40) in water
The CI2(1–40) fragment contains the sequence of the
unique -helix in CI2 (residues 12–24). As has been
reported previously [17], there are no detectable elements
of regular secondary structure in CI2(1–40). A slight trend
is seen for significant upfield shifts in the H protons of
residues Val13–Val19, but there are no medium-range or
long-range NOE contacts in this region. If any helical
structure exists, it is only fractionally populated. It was
previously proposed that there are three regions of non-
random structure, largely composed of hydrophobic
residues [17]. The Thr3–Trp5 region is characterized by
NOE contacts between the sidechains of Trp5 and Thr3
and upfield shifts of the chemical shift of threonine
methyl group (1.02 ppm versus 1.23 ppm for the random-
coil peptides [20] and 1.12 ppm for the intact CI2 [21]). In
the two other proposed clusters, no sidechain–sidechain
contacts were observed and the evidence of local structure
was restricted to the observation of large chemical shift
deviations in the amide protons and 15N resonances. Here,
we focus on the changes observed in fragment CI2(1–40)
on mutation of Thr3→Ala (CI2(1–40)T3A), which was
designed to test the presence of the first proposed
hydrophobic cluster. In addition to the evidence described
below, we measured the values of 3JN for all the residues;
all of them are in the range observed for random coil. Also,
it was not possible to determine the ratio of the intensities
IN(i, i) : IN(i, i+1) because of overlap of signals.
Conformational shifts. The deviation of chemical shifts from
‘random coil’ reference values, termed conformational
shifts or chemical shift indexes, is a reliable indicator of
residual structure in denatured states of proteins and pep-
tides [22,23]. Deviations in proton chemical shifts were
calculated relative to the first reported random-coil values
[20]. We allowed for known significant variations in the
H chemical shifts of residues preceding prolines [24] and
also excluded the N-terminal and C-terminal residues
from the assessment. 
The regions Ala16–Ile20, Asp23–Lys24 and residues
Leu32 and Val34 have significant conformational shifts of
the H protons ≥ 0.1 ppm (Fig. 1a). In addition, the
methyl proton of Ala3 is upfield shifted (1.28 ppm). The
findings for these regions agree with those previously
observed for wild-type fragment [17].
The upfield displacement of the methyl proton of Ala3 is
associated with the ring current effects of Trp5. This
finding was observed for the methyl proton of Thr3 in
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wild-type fragment [17]. This behaviour of tryptophan
residues has been described before in peptides with the
sequence Arg-Val-Glu-Trp-Thr using theoretical and
experimental methods [25,26]. 
The segment Ala16–Ile20, which comprises residues
involved in the -helix of the intact protein, also has con-
formational shifts ≥ 0.1 ppm. As there is no nearby aro-
matic residue that can affect the chemical shifts, the
upfield shift arises from local non-random structure.
Residues Lys24 and Leu32 both precede prolines. Both
show the largest deviations observed in this fragment
(around +0.3 ppm; Fig. 1a). These values can be attrib-
uted to the nearest-neighbour effects detected and charac-
terized in random-coil pentapeptides [24]. The residues
Asp23 and Val34, close to Pro25 and Pro33, may also be
involved in these effects. It is important to note that the
presence of these effects cannot rule out the existence of
hydrophobic interactions around any proline residue, but
they can obscure them if the analysis is based on the
chemical shifts, as here.
Temperature coefficients. Temperature coefficients (/T,
where  is the chemical shift and T the temperature in K)
of the amide protons are often used to distinguish
between those amides that are solvent-protected, either
by intramolecular hydrogen bonding or hindrance by
steric or electrostatic reasons [18,27], and those amides
that are hydrogen bonded with the solvent. In water, the
temperature coefficients for amide protons in random-coil
peptides are in the range –10 to –5 ppb K–1 [28].
The temperature coefficients (Fig. 2a) indicate that there
is no solvent protection. Only residues Glu4, Trp5, Glu7,
Ser12, Lys18 and Glu27 show a temperature coefficient
lower than or around –4 ppb K–1. These low values can be
explained by hydrogen-bond formation or burial with their
own sidechain. 
NOE evidence for structure. Disordered peptides are charac-
terized by relatively strong N(i, i+1) NOEs, relatively
weak or absent NN(i, i+1) NOEs and weak or absent
medium-range or long-range NOEs. There are very
strong sequential N(i, i+1) NOEs and there is no evi-
dence of any long-range contacts (Fig. 2a) in
CI2(1–40)T3A. The same observations were made for
wild-type fragment [17]. However, interactions between
the sidechains of Trp5 and Thr3, observed in the wild-
type fragment, are not present between Trp5 and Ala3.
The absence of NOE contacts between the aromatic
moiety of Trp5 and Ala3 does not indicate the disruption
of the hydrophobic cluster; the cluster is still present as
judged from conformational shifts for the backbone and
sidechain protons of Ala3 (1.28 ppm versus the random-
coil value of 1.39 ppm [20]). The absence may be
explained by the smaller volume of the sidechain of Ala3
compared with Thr3. 
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Figure 1
(a) Conformational shifts of CI2(1–40)T3A for the H protons. (b)
Differences between the chemical shifts of wild-type CI2(1–40) in
aqueous solution sodium acetate buffer (pH 4.6) and in water, pH 1.8,
for the H protons. (c) Differences between the chemical shifts of wild-
type CI2(1–40) in aqueous solution sodium acetate buffer (pH 4.6)
and in 4 M GdmCl (pH 4.6) for the H protons. All the measurements
were carried out at 278 K. The horizontal lines indicate the range of
variation accepted for the conformational shifts of the random-coil
peptides (± 0.1 ppm). Both H protons of glycine residues have been
represented. Whenever a H resonance of any particular residue was
not assigned, it was not represented. 
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Structure of CI2(1–40) under denaturing conditions
As the chemical shifts of random-coil peptides do not
depend on the concentration of denaturant, the occurrence
of acid (or basic) induced, GdmCl (or urea) induced shifts
in the resonances of fragments (or unfolded proteins) is
strong evidence of residual structure. The exact mecha-
nism of action of chemical denaturants is not well known,
and the interactions with amide protons are complex. Nev-
ertheless, as indicated from calorimetric [29,30] and struc-
tural studies [31], ‘binding’ of the denaturant to the folded
and unfolded states of a protein or fragment may occur. 
Conformational shifts in the wild-type fragment under two
different denaturing conditions, at pH 1.8 (in HCl) and in
the presence of 4 M GdmCl, were compared with those in
aqueous sodium acetate buffer at the same temperature
and pH 4.6. 
Acid-denaturing conditions. The larger differences in the
conformational shifts of the H protons are located at
residues Glu15, Gln22 and Asp23 (Fig. 1b). Nevertheless,
those differences are < 0.1 ppm. All these residues have, or
are close to, a titratable sidechain (Hse40 does not titrate
with pH because it is a lactone, which is stable at low pH). 
High GdmCl conditions. It was not possible to assign all the
H resonances, but some conclusions can be drawn. The
most important changes are observed in regions where
non-random conformational shifts were observed in water
(Fig. 1c). The chemical shifts in regions Leu21–Lys24 and
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Figure 2
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Summary of NOE contacts for (a) CI2(1–40)T3A, (b)
CI2(41–64)F50L, and (c) CI2(41–64)L49A. The thickness of the bars
corresponds to the intensity of the NOE as judged by visual
inspection, according to strong, medium and weak intensities. All the
measurements were carried out in water (sodium acetate buffer,
50 mM, pH 4.6, T 278 K). The temperature coefficients are indicated
at the bottom of each fragment. The errors are estimated to be on
average ± 1 ppb K–1.
Val31–Thr36 are upfield shifted, resulting in values of
conformational shifts close to zero. The changes in the
presence of denaturant are associated with the disruption
of nearest-neighbour effects on the residues preceding
prolines. On the other hand, the conformational shifts of
the H protons of the polypeptide region Trp5–Val9 are
modified. The methyl group of Thr3 in GdmCl shows the
same proton chemical shift as in water (1.03 ppm). The
region corresponding to the helix in intact CI2
(Glu15–Val19) shows small changes in 4 M GdmCl, well
below the ± 0.1 ppm accepted value. 
Structure of CI2(41–64) in water
The NOE pattern of CI2(41–64) has been reported [17].
Here, we focus on the differences with the mutant frag-
ments CI2(41–64)L49A and CI2(41–64)F50L, which
were designed to address the presence of the previously
putative cluster around Phe50 [17]. The values of 3JN
for all the residues in both fragments are in the random-
coil range. Again, it was not possible to determine the
ratio of the intensities IN(i, i) : IN(i, i+1) because of
signal overlap.
Conformational shifts. The conformational shift pattern in
mutant fragments CI2(41–64)L49A and CI2(41–64)F50L
is the same as in wild-type CI2(41–64), indicating the
same, if any, residual structure. Differences are observed
only around the region where the mutation was intro-
duced. There are three clear regions where the conforma-
tional shifts of the H protons are ≥ 0.1 ppm (Fig. 3a,b):
residues Ile44, Asp45 and Val47; residues Val51, Asp52 and
Asp55; and Val60. The deviations in the conformational
shifts for the first region (around Ile44) can be explained
by the presence of the aromatic ring of Tyr43. The pres-
ence of these non-random conformational shifts, mainly
due to the ring current effects of neighbouring aromatic
rings, indicates the presence of non-random interactions, as
has been shown in the denatured states of lysozyme [32].
In the third region, Val60 precedes a proline residue which
could account for the shift [24]. That the same conforma-
tional shifts are observed in wild-type and the mutant frag-
ment CI2(41–64)F50L, where there is not an aromatic
moiety, suggests the presence of other types of interaction
that affect residues Val51 and Asp52. 
Temperature coefficients. The pattern for the amide protons
in both mutant fragments is essentially the same, indicat-
ing that they are not in solvent-protected conformations
(Fig. 2b,c). Only in the region formed by Leu54, Asp55
and Asn56 are the temperature coefficients lower. This is
not surprising, because the amide protons of Asp55 and
Asn56 may be hydrogen bonded with their respective
sidechains, as has been reported for other peptides [18,27].
NOE evidence for structure. The NOE information on both
mutant fragments (Fig. 2b,c) shows that there are no
NOEs between the amide protons of adjacent residues
nor medium-range or long-range contacts. In addition,
N(i, i+1) NOEs are very strong. Only one weak
sidechain–sidechain NOE between Phe50 and Leu49 was
observed in the wild-type fragment [17], which is not
observed here. There are no contacts between the
sidechains of Ala49 and Phe50 in CI2(41–64)L49A, proba-
bly because of the smaller volume of the alanine residue.
Structure of CI2(41–64) under denaturing conditions
The wild-type fragment was studied under denaturing
conditions at low pH, in HCl and in the presence of 4 M
GdmCl (at pH 4.6).
Acid conditions. The conformational shifts for the H
protons in water at low pH (pH 1.8) show small changes in
three regions (Fig. 3c): for residues Asp52, Asp55 and
Gly64. All contain a titratable group in their sidechains
(Gly64 is the C-terminal residue), hence the changes with
pH. It is important to note that all the changes observed in
the resonances are downfield and the conformational
shifts tend towards zero. That the conformational shift for
the H proton of Val60 is not zero indicates that the
nearest-neighbour effects are not affected in the presence
of acid conditions.
High GdmCl conditions. In the presence of 4 M GdmCl, it
was again not possible to assign all the H resonances
(Fig. 3d). There are three regions where the majority of
the changes occur: region Arg43–Arg46, region
Phe50–Leu54, and region Ala58–Arg62. The changes
observed in 4 M GdmCl appear to confirm the presence of
non-random conformations in water, which are affected by
the presence of denaturant. In the presence of GdmCl, all
the conformational shifts tend to zero, but Leu54 is
upfield shifted and Ala58 is downfield shifted. Val60 is the
residue preceding a proline. In 4 M GdmCl, the conforma-
tional shift for the H proton of Val60 is zero, thus con-
firming the results found for CI2(1–40) that the
nearest-neighbour effects are disrupted.
Secondary structure predictions for the fragments
It is of interest to compare the experimental results with
those from a computer method for predicting regular sec-
ondary structure in fragments of proteins in the absence of
any tertiary interactions [33,34], which is based on regular
secondary structure elements that are usually found in
proteins. The weights of each predicted structural state
are given at each position (with values 1–9) and they
provide a measure of the reliability of the prediction, 9
being the highest [34].
For CI2(1–40), the region Ser12–Lys18 is predicted to be
helical (with weights for Glu14, Glu15 and Ala16 of 9), as
is found in the intact CI2. In this region, anomalous con-
formational shifts were found. The region between
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residues Ile29 and Val38 is predicted to adopt a -sheet
conformation (with averaged weights of 4). In the native
structure of CI2, residues Ile29–Val34 are involved in a -
strand conformation, and residues Gly35–Val38 are in the
loop region. In this region, the presence of a proline
residue in the sequence precluded detailed characteriza-
tion by NMR techniques. For CI2(41–64), the region
spanning residues Asp52–Ala58 is predicted to be helical
(with weight of 9 for Asp55), but these residues constitute
a -turn and -strand in the intact CI2. In this region,
anomalous conformational shifts were found and changes
in them were observed in the presence of denaturant.
Both CI2 fragments are predicted to have the remaining
segments with no preferred conformation. Similar results
have been found for neurotoxin B and wheat germ agglu-
tin [34]. 
The transition state: the protein engineering method
The F-values are summarized in Table 1. The F-
values for association of fragments and for folding of
intact protein are highly correlated: a plot of F for associ-
ation against that for folding for the 23 mutants has inter-
cept –0.08 ± 0.06, slope 1.26 ± 0.14 and correlation
coefficient 0.89 (data not shown). The F-values show
that much of the helix (residues 12–24) is highly formed
in the transition state, from the values at positions 12, 14,
15, 16, 18 and 20. Residues Lys17 and Val19 make ter-
tiary interactions outside of the helix that are altered on
mutation. Many of the mutations alter contacts between
the two fragments (indicated in bold in Table 1). The
fractional -values for these interactions show that the
two fragments assemble around each during the process
of complementation. 
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Figure 3
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(a) Conformational shifts of CI2(41–64)F50L for the H protons. The
experiments were carried out in water (sodium acetate buffer, 50 mM,
pH 4.6). (b) Conformational shifts of CI2(41–64)L49A for the H
protons. The experiments were carried out in water (sodium acetate
buffer, 50 mM, pH 4.6). (c) Differences between the chemical shifts of
wild-type CI2(41–64) in aqueous solution sodium acetate buffer
(pH 4.6) and in water, pH 1.8, for the H protons. (d) Differences
between the chemical shifts of wild-type CI2(41–64) in aqueous
solution sodium acetate buffer (pH 4.6) and in 4 M GdmCl (pH 4.6) for
the H protons. All the measurements were carried out at 278 K. The
horizontal lines indicate the range of variation accepted for the
conformational shifts of the random-coil peptides (± 0.1 ppm). Both H
protons of glycine residues have been represented. Whenever a H
resonance of any particular residue was not assigned, it was not
represented.
The folded state: crystal and solution structures of
CI2(1–40)⋅×(41–64)
Structure of CI2(1–39)⋅(41–64) in solution
Sequence-specific 1H and 15N assignment. Spin system assign-
ments for all 58 cross-peaks in the 15N–1H HSQC spec-
trum peaks were determined using the 3D 15N–1H
TOCSY–HMQC spectrum (Fig. 4). The 3D 15N–1H
NOESY–HMQC spectrum was used to obtain sequence-
specific assignments of the spin systems (Fig. 5). Reso-
nance assignments for the six residues not present in the
15N–1H HSQC spectrum were obtained from 2D
homonuclear experiments acquired in D2O. The X–Pro
peptidyl bonds of the four proline residues are trans, as
indicated by the presence of medium (i, i+1) NOEs.
The helix is well defined, with a region of NN(i, i+1),
N(i, i+3) and N(i, i+4) NOEs between residues 12 and
22. Residues 6–9 and 52–56 form apparently native-like
hairpin turns. Residues in loop region I (residues 35–40)
show few interresidue NOEs and have chemical shifts
close to those expected for a random-coil conformation.
In contrast, residues in loop region II (residues 41–45)
have a number of NOE contacts with the protein scaffold.
Good agreement is found between the assignments
obtained for CI2(1–40)⋅(41–64) and for wild-type CI2.
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Table 1
F-values for the association of fragments.
Residue and GF–U* GF–U† Location Alters interactions with‡ F§ A§
mutation kcal mol–1 kcal mol–1
Intact Fragments Intact Fragments
T3→A 0.85 0.33 -strand1 63 0.13 0.05
L8→A# 2.68 2.75 Core/turn Helix, 6 0.15 0.09
S12→A 0.89 0.98 N-cap of helix Helix 0.43 0.77
E14→N 0.70 0.43 N-cap+2 Helix 0.75 1.17
E14→A/E15→A 0.76 0.96 N-cap+2,+3 Helix 0.73 0.73
S12→A/E14→A/E15→A 1.67 1.39 N-cap+2,+3 Helix 0.41 0.78
A16→G# 1.09 1.40 Helix/core Helix, 49, 57 1.06 1.14
K17→A 0.49 0.86 Helix Helix, I29 0.28 –0.06
K18→G 0.97 1.4 Helix Helix 0.70 0.46
A18→G#,** 1.20 0.87 Helix Helix 0.50 0.71
V19→A 0.48 0.50 Helix/core Helix, 1, core –0.26 –0.09
I20→V 1.30 1.35 Helix Core, 1, 4, 6 0.40 0.42
K24→A 0.65 0.58 C-cap of helix 5, 20, 23, 25–17, 44–47, 63 –0.35 –0.69
I29→V 1.11 0.49 -strand3 17, 20, 21, 27, 31, 47, 49 0.17 0.30
I30→A 2.12 1.12 -strand3 18, 19, 21, 22, 46 0.31 0.26
V30→A#,** 2.20 0.80 -strand3 As above 0.27 0.21
L32→V# 0.50 0.55 -strand3 30, 31, 33, 36, 38, 49, 50 –0.04 –0.17
L32→A 2.37 1.12 -strand3 30, 31, 33, 36, 38, 49, 50 0.19 0.08
V34→T 1.03 0.82 -strand2 33, 35, 50, 52, 59 0.23 –0.10
V34→A 0.63 0.18 0.00 –0.24
F50→L 2.11 1.18 -strand4 32–34, 36, 38, 48, 49, 51, 59 0.25 0.17
V51→A 1.95 1.56 -strand4 Helix, 3, 4, 5 0.25 0.22
I57→V# –0.19 0.32 Core 8, 9, 13, 16, 47, 49, 51, 61 —†† 0.44
*Change in energy of intact protein on mutation [11]. †Change in free
energy of association of fragments, measured from the change in the
dissociation constant of the complex on mutation. These are the mean
values measured by isothermal titration at 25°C and by thermal
dissociation [16]. These values are slightly different from those listed in
[17] because of the additional data from thermal dissociation studies.
‡Contacts with residues in other fragments are in bold. §F = -value
for folding of intact protein [11]; A = -value for association of
fragments. #This study. **Scanning of second generation of mutants.
††The F value is problematic for I57→V because a crystal structure
analysis shows a change in structure on mutation and the values of
GF–U are very small [46].
Few 1H assignments for CI2(1–40)⋅(41–64) deviate by
more than 0.1 ppm from the wild-type assignments
(Fig. 6). Only loop region I and the first two residues of
loop region II show significant deviations from the wild-
type values. Residues Met1 and Lys2 have significant
deviations from the published assignments, which is
probably because of the use of truncated CI2 in the
current study.
Solution structure of CI2(1–39)⋅(41–64). Hse40, formed by
the action of CNBr on Met40, was excluded from all struc-
tural calculations (see Materials and methods), thus the
structure of CI2(1–40)⋅(41–64) in solution is named
CI2(1–39)⋅(41–64) in the following. 24 of the final 40
structures of CI2(1–39)⋅(41–64) converged to give no vio-
lations of > 0.3 Å (distance constraints) or of > 5° (dihedral
constraints). Of these, a subset of 20 structures was
selected on the grounds of lowest NOE and van der
Waals’ energy terms (Fig. 7). Residues 1–2 and 41–42 (the
N termini of both chains) and residues 38–39 and 64 (the
C termini of both peptide chains) are disordered and were
excluded from the calculation of structural statistics. The
average root mean square (rms) deviation of the 20 struc-
tures from the mean structure is 0.47 ± 0.08 Å for back-
bone atoms, 0.94 ± 0.14 Å for all heavy atoms (Table 2). If
the entire chain is overlaid, the <rmsd> to the average
structure increases to 1.11 ± 0.37 Å for the backbone
atoms, 1.52 ± 0.34 Å for all heavy atoms, largely due to the
inclusion of the highly disordered 36–39 region. The
hydrophobic core of CI2(1–39)⋅(41–64) is formed by the
packing of an -helix onto a six-stranded -sheet. The -
sheet is a mixture of parallel and antiparallel strands. Two
peptide chains project from the protein scaffold (loop
region I and loop region II) which comprise the two sec-
tions of the cleaved binding loop. The fold is well defined,
with disordered regions restricted to sites close to the four
chain termini (Fig. 8). The <rmsd> from the average struc-
ture for backbone atoms (Fig. 8a) and for all heavy atoms
(Fig. 8b) reflects the degree of this disorder. The disorder
is greatest in loop region I (residues 35–39), in agreement
with backbone dynamics results reported previously [35].
Loop region II (residues 41–45) is relatively ordered, also
consistent with previous results. The protein scaffold
comprising the six -strands and the -helix is well
ordered. Backbone torsion angles are well defined, with
98% of  and  angles falling in allowed regions of torsion
space. The structure is deposited in the Brookhaven
Protein Data Bank as 1CIR.
Crystal structure of CI2(1–40)⋅(41–64)
The final model, consisting of 477 protein atoms and 48
solvent molecules, has a crystallographic R factor of 18.0%
for all data in the resolution range 7.0–2.2 Å. The model is
complete with some exceptions. Chain A (see Materials
and methods) is missing residue 1 from the N terminus
and residues 39–40 in the C terminus. Electron density
was not visible for the following sidechain atoms: Lys11
(C, N), Lys18 (C, N), Ile37 (C	1, C	2, C1), and Val38
(C, C	1, C	2). Overall, the model has good stereochem-
istry: deviation from bond length and bond angle ideality
is 0.017 Å and 2.3º, respectively. 92% of residues have
backbone  angles within the most favoured regions of
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Figure 4
15N–1H HSQC of CI2(1–40)⋅(41–64).
Sequence-specific assignments of all
backbone amides are shown. 2 mM
CI2(1–40)⋅(41–64), pH 4.6, 298 K.
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the Ramachandran plot, based on a stereochemical analy-
sis with the program PROCHECK [36]. No residues are in
generously allowed regions and none has disallowed back-
bone  angles. No residues were modelled as being dis-
cretely disordered. The structure is deposited in the
Brookhaven Protein Data Bank as 1CIQ.
Comparison between the solution and crystal structures of
CI2(1–40)⋅(41–64) and the crystal structure of intact CI2
No significant differences are seen between the overall
crystal structures of CI2(1–40)⋅(41–64) and intact CI2. The
crystal structure of intact CI2 is essentially identical to
that obtained in solution by NMR methods [4]. As the
crystal structures of CI2(1–40)⋅(41–64) and intact CI2 are
essentially identical, we compare only the solution struc-
ture of CI2(1–40)⋅(41–64) and the crystal structure of
intact CI2. The secondary structure elements of
CI2(1–40)⋅(41–64) are similar to those present in intact
CI2 (Fig. 9). The relative orientation of all sheets and the
helix is identical to that found in the intact protein. The
hydrogen bonding pattern in the CI2(1–39)⋅(41–64)
complex is also analogous to that of the intact protein.
Structural differences are restricted to four regions: the
C terminus of the -helix, residues 22–24; the terminal
regions of -strands 3 and 4; loop region I, residues 35–39;
and loop region II, residues 41–45.
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Figure 5
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D23
Amide NOEs for the helical region of CI2(1–40)⋅(41–64). The (i, i+1)
and (i, i+3), (i, i+4) NOEs are shown. The chemical shifts of A16 HN
and K17 HN are degenerate. 2 mM CI2(1–40)⋅(41–64), pH 4.6,
298 K.
The C terminus of the -helix, residues 22–24. The region cor-
responding to the C-terminal turn of the helix in the intact
protein is not helical in the solution structure of the
cleaved protein. In the structure of CI2(1–39)⋅(41–64), this
region is broadened into an extended loop which includes
residues 25–28, a type I turn in the intact protein (Fig. 9).
The helical region is well defined by experimental con-
straints only for residues 12–22. NN(i, i+1) NOEs are
observed for residues 14–24, although no N(i, i+3) or
N(i, i+4) NOEs are observed for residues 23 or 24. NN(i,
i+1) and N(i, i+3), N(i, i+4) NOEs contribute to con-
strain a region into a helical structure. Residues Gln22 and
Asp23 have 3JN values of 7.9 and 8.9 Hz respectively,
higher than the typical 3JN value observed for residues in
a helical conformation. No value of 3JN could be deter-
mined for Lys24 because of overcrowding in this region of
the spectra. All backbone amide groups in the helical
region are protected from 1H/2H exchange with the excep-
tion of Lys17 and Lys24. Asp23 is only partially protected
from 1H/2H exchange. The experimental data for the
region 22–24 may indicate a helical conformation, but do
not do so unambiguously.
The terminal regions of -strands 3 and 4. -strands 3 and 4,
which form the long region of parallel -sheet in the intact
protein, are shortened in the CI2(1–39)⋅(41–64) structure
(Fig. 9). Strands 3 and 4 cover residues 28–34 and 46–51 in
the intact protein. In the structure of the cleaved protein,
these strands extend over residues 30–32 and 48–50
respectively. The disorder in loop region I may be associ-
ated with the observed fraying of the C-terminal end of
strand 3 and a disruption of the -sheet structure with
strand 4. A hydrogen bond is formed between Val34 HN
and Val51 O in the intact protein. This hydrogen bond is
not formed in any of the 20 solution structures of
CI2(1–39)⋅(41–64).
Loop region I, residues 35–39. Loop region I is apparently
unstructured. Only intraresidue and N(i, i+1) NOE
interactions are observed, and only one  angle ( 36) is
constrained (3JN (36) = 4.8 Hz). The degree of disorder in
this loop region is in agreement with previous 15N back-
bone dynamics results showing S2 order parameters as low
as 0.35 for this region [35].
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Figure 6
Chemical shift differences between intact and
cleaved CI2. The backbone differences
indicate the differences, in absolute value,
observed for the H protons and the sidechain
differences those observed for the H
protons. There are significant chemical shift
deviations (≥ 0.1 ppm) for residues 33–39
and 41–42.
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Figure 7
Ensemble of 20 NMR structures of CI2(1–39)⋅(41–64).
CI2(41-64)
CI2(1-39)
Loop region II, residues 41–45. Although relatively well
defined, loop region II has moved significantly from the
position it occupies in the intact protein (Fig. 9). The -
sheet structure formed at the N termini of -strands 3 and
4 is disrupted, and loop region II is in contact with the
protein scaffold. A series of non-native hydrophobic and
electrostatic interactions are formed between loop region
II and residues 26–30 and 63 which may act to restrain this
loop region. Interresidue NOEs are observed between
loop region II and these regions of the protein scaffold.
The backbone conformation of loop region II is native-
like. The majority of the movement is due to small
changes in the backbone torsion angles. Of the well
defined torsion angles, only  44 and  45 have changed
substantially from those in the intact protein. 
To summarize, differences exist between the solution and
crystal structures of the cleaved protein. First, loop regions
I and II are in an essentially native conformation in the
crystal structure of CI2(1–40)⋅(41–64), whereas in the solu-
tion structure of CI2(1–39)⋅(41–64) loop I is disordered
and loop II is ordered; it has a native-like conformation
but has moved to a non-native position. Second, the C-ter-
minal region of the -helix is in a native conformation in
the crystal structure of CI2(1–40)⋅(41–64).
In the solution structure of CI2(1–39)⋅(41–64), the confor-
mation and location of loop region II is defined by a series
of dihedral angle constraints and by both long-range and
short-range NOE constraints. The random-coil chemical
shifts observed for residues in loop region I suggest that
the disorder in this region of the CI2(1–39)⋅(41–64) solu-
tion structure is not an artefact of insufficient constraint
data. In addition, the 15N relaxation data for the binding
loop region are in good agreement with the calculated
solution structures [35]. CI2(1–40)⋅(41–64) crystallizes in
the same space group as does intact CI2. The crystalliza-
tion process selects conformations with the lowest energy
in the crystal state. In the crystal lattice, the binding loop
makes extensive, close interactions with other, symmetry-
related molecules, and this may favour the native-like con-
formation of the binding loop observed in the crystal
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Table 2
Structural statistics for solution structure of 
CI2(1–39)⋅×(41–64)*.
Rms deviation from experimental constraints†
Distance (Å) 0.035 ± 0.001 
Dihedral angle (deg) 0.53 ± 0.18 
Deviations from idealized geometry
Bonds (Å) 0.0035 ± 0.0001
Angles (deg) 0.75 ± 0.01
Impropers (deg) 0.47 ± 0.03
X-PLOR energies
Fvdw (kcal mol–1)‡ 31.6 ± 3.9
FL–J (kcal mol–1)§ –88.5 ± 32.3 
Rms deviation from average structure
All residues (Å) Backbone only 1.11 ± 0.37 
All heavy atoms 1.52 ± 0.34
3–35, 43–63 (Å) Backbone only 0.47 ± 0.08 
All heavy atoms 0.94 ± 0.14
*All statistics are quoted as mean value ± standard deviation. Statistics
are calculated for an ensemble of 20 structures. Structures calculated
were for chains 1–39 and 41–64; Hse40 was excluded from the X-
PLOR calculations. †No structure violated NOE constraints by > 0.3 Å,
or violated dihedral constraints by > 5º. ‡The van der Waals’ energy
was calculated with a force constant of 4 kcal mol–1 within the vdw
radii (see experimental procedures). §FL–J was calculated using the
CHARMm empirical energy function.
Figure 8
(a) <rmsd> calculated for CI2(1–39)⋅(41–64) backbone atoms only.
The structure is well defined (<rmsd> less than 1 Å) with the
exception of loop region I (residues 36–39) and residue 41. (b)
<rmsd> calculated for CI2(1–39)⋅(41–64) for all heavy atoms. The
same pattern of well and poorly defined regions is observed when
sidechains are included in the calculation of <rmsd>. Loop region I
(residues 36–39) and residues 41–42 are poorly defined.
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50 60
<
rm
sd
>
 (Å
)
Residue
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50 60
<
rm
sd
>
 (Å
)
Residue
(a)
(b)
structure. Extensive aromatic–aromatic contacts are made
between Tyr42 and the Tyr42 aromatic ring of a symme-
try-related molecule. Loop region I interacts with two
symmetry related molecules, and the sidechain of Ile37
forms hydrophobic contacts with Ile37 and Val38 of sym-
metry-related molecules. Thus, the native-like conforma-
tion of the binding loop may result from intermolecular
interactions specific to the crystal state rather than from
intramolecular interactions. The C-terminal region is not
helical in the solution structures of CI2(1–39)⋅(41–64), but
rather adopts a broad turn conformation. The experimen-
tal data obtained for residues 22–24 in solution do not
unambiguously indicate a helical conformation and as
such were not used as experimental constraints in the
structural calculations. The conformation of the C termi-
nus of the helix in solution is determined by an absence of
data, rather than by data positively indicating that the
helix is not formed. In the crystal structure, this region is
native-like; there are few intermolecular crystal contacts in
this region. It is highly likely, therefore, that this region is
native-like in solution.
Comparison with other cleaved proteins 
The structure of CI2(1–39)⋅(41–64) can be contrasted with
the structures of other cleaved proteins. Although in
CI2(1–39)⋅(41–64) the cleaved binding loop is disrupted
unevenly about the cleavage point, other cleaved proteins
show complete disruption of the cleaved loop (e.g.
RNase S [37]). A study of nicked avian ovomucoid third
domains has shown little disruption in the cleaved loops
[38]. These nicked domains remain covalently bound by
disulphide bonds after cleavage. A recent 2D NMR study
of cleaved Escherichia coli thioredoxin indicates that two
complementary fragments generated by proteolytic cleav-
age reassociate to form a native-like non-covalent complex
[39]. This is analogous to the formation of
CI2(1–40)⋅(41–64) from the isolated fragments CI2(1–40)
and CI2(41–64). The isolated and associated fragments of
human thioredoxin have not yet been characterized.
Discussion
Mechanism of association of fragments
The fragments CI2(1–40) and CI2(41–64) associate to give a
structure that is close to that of native CI2, apart from the
region around the cleaved bond. The kinetics of associa-
tion/folding are second order [14] and conform to equation 1: 
k2
CI2(1–40) + CI2(41–64) → [CI2(1–40)⋅(41–64)]native (1)
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Figure 9
Comparison between intact CI2 and the
solution structure of CI2(1–39)⋅(41–64). The
coordinates used were the lowest energy
CI2(1–39)⋅(41–64) structure (structure 13)
and the wild-type CI2 structure [5]. Top:
cartoon representations of intact CI2 (left) and
CI2(1–39)⋅(41–64) (right). Bottom: Stereo
picture showing overlay of intact CI2 (thick
lines) and CI2(1–39)⋅(41–64) C atoms after
a least-squares fit using mainchain atoms of
-sheet residues. Drawn with MolScript [73].
It is possible that the kinetics are more complicated and
that there is the initial formation of a weak complex
between the two fragments that rearranges (‘folds’) to give
the final structure, as in equation 2: 
KD
CI2(1–40) + CI2(41–64) [CI2(1–40)⋅(41–64)]loose
k1
→ [CI2(1–40)⋅(41–64)]native (2)
Equation 2 generates second-order kinetics provided the
concentrations of the fragments are much lower than their
dissociation constant KD. Under this condition, the
observed rate constant for association is kass, = k1/KD,
where k1 is the first-order rate constant for the rearrange-
ment. The magnitude of KD may be calculated from the
observed value of kass (4 × 103 s–1 M–1 [16]) and k1. A circu-
larly permuted form of CI2 in which the N and C termini
of the native protein have been linked and the protein
cleaved at position 40, as in this study, folds with a rate
constant of about 40 s–1 (DE Otzen, AR Fersht, unpub-
lished data). If k1 is of similar magnitude, then KD is
10 mM, a far higher value than the concentrations of frag-
ments used in this study. 
We have characterized here CI2(1–40), CI2(41–64), the
transition state for the formation of their native-like struc-
ture, and the structure of [CI2(1–40)⋅(41–64)]native. Thus,
if the mechanism is that of equation 1, we have character-
ized all the stable complexes on the pathway and the
single transition state. If equation 2 holds, we are missing
the weak complex and the transition state for its forma-
tion. In both cases, we are able to describe the starting
states and the major transition state that involves the
folding step. It is important to note that the kinetic analy-
sis given below is independent of whether the mechanism
is that of equation 1 or equation 2. In both cases, the
second-order rate constant kass, whether it be k2 or k1/KD in
microscopic terms, depends on the changes in energy
between the ground state of separated fragments and the
folding transition state. 
Structural states of fragments CI2(1–40) and CI2(41–64) 
The two complementary fragments of CI2 are mainly dis-
ordered in water. There are indications in the NMR
spectra that four regions do have some tendency to form
some structure, but any structure formed is weak. These
regions were probed by the effects of denaturant and, in
some cases, of mutation. Two of the regions of weak struc-
ture are in regions associated with elements of secondary
structure and the other two are associated with the pres-
ence of aromatic sidechains. 
The structures are even less ordered than thought previ-
ously [17]. The more extensive studies cast doubt on two
further hydrophobic clusters tentatively proposed to be in
CI2(1–40), one comprising residues Leu21–Pro25 and the
other comprising residues Ile30–Ile37 [17]. These clusters
were previously putative, because their characterization
was based only on the large conformational shifts of amide
protons and 15N resonances. These nuclei are very sensi-
tive to any change in environment and, in any case, those
chemical shifts are not a reliable indicator of any residual
structure. In those regions, there are small non-random
conformational shifts in water and at low pH which are
removed by the addition of GdmCl. But the presence of
prolines in those patches obscures any interpretation. The
postulated cluster involving residues Leu49 and Phe50 in
CI2(41–64) was also eliminated here from the effect of
mutation of Phe50; the chemical shifts remain the same in
CI2(41–64)F50L, showing that those observed anomalous
conformational shifts do not arise from the ring current
effects of Phe50. 
Interactions in regions with regular secondary structure. The
first region comprises residues Glu15–Ile20 located in the
-helix region of CI2 in the fragment CI2(1–40). The con-
formational shifts are moved upfield in aqueous solution,
in the direction expected for -helix formation. The addi-
tion of GdmCl causes a downfield displacement, but the
changes are in general very small. There is no evidence of
-helix-like structure from NOE and temperature coeffi-
cient studies. This region is predicted to adopt a native-
like -helical structure by theoretical calculations, and a
nascent -helix is observed in the presence of 2,2,2-triflu-
oroethanol (TFE) ([18]; LS Itzhaki, B Davis, AR Fersht,
unpublished data). If there is a small population of mole-
cules with -helix-like structure in aqueous solution, then
it is too small to be identified unambiguously by NMR
techniques.
The second non-random region of chemical shifts involves
residues Val51–Ala58 in CI2(41–64). It does not originate
from the aromatic moiety of Phe50 because the same con-
formational shifts are observed in the mutant fragment
CI2(41–64)F50L (also, identical conformational shifts are
observed in the mutant CI2(41–64)L49A). The addition of
4 M GdmCl causes large changes in the conformational
shifts. In intact CI2, the region comprising residues
Asp52–Asp55 forms a -turn [3]. The secondary structure
algorithm predicts the region Asp52–Ala58 to have a helical
( or 310) conformation. There is no evidence to confirm
whether the conformational shifts observed in these
regions result from the secondary structure predicted by
the algorithm as there is an absence of both the medium-
range NOE signals and low temperature coefficients that
are expected for solvent-protected amide groups. 
Interactions involving aromatic sidechains. The first region,
involving the residues close to Trp5, is located in the frag-
ment CI2(1–40). We have confirmed the presence of this
non-random conformation on the basis of changes in con-
formational shifts for H protons in aqueous and denatu-
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rant conditions. The studies on CI2(1–40)T3A have
shown that the presence of the hydrophobic cluster is
associated with the bulky sidechain of the tryptophan
residue. This interaction appears to be non-native. 
The second region comprises residues Tyr42–Asp45 in
the fragment CI2(41–64). A hydrophobic interaction
involving the aromatic sidechain of Tyr42 is clearly indi-
cated by the ring current effects observed in chemical
shifts of neighbouring residues. There is no evidence of
this interaction from the NOESY experiment and the
temperature coefficients measurements. This interaction
is present in the intact protein [3] and in the complex
between the two fragments as contacts between the aro-
matic ring of Tyr42 and the backbone and sidechain of
Ile44 are observed, and the H proton of Ile44 is upfield
shifted. Both interactions involving aromatic residues
appear to be affected by the presence of GdmCl, but not
high concentrations of HCl.
Structure of the transition state for association
The degree of formation of structure at a given site in a
transition state may be calculated from kinetic and equi-
librium measurements of the folding of proteins that have
been mutated sensibly at that site (see [15] for the most
recent review). If GF–U is the change in free energy of
folding on mutation and G‡–U is the change in energy of
the relevant transition state for folding (where F = folded
state, U = unfolded state and ‡ = transition state), then F
= G‡–U/GF–U. A value of F = 0 means that the tran-
sition state is as unfolded as the denatured state at the site
of mutation, whereas F = 1 means that it is energetically
as folded as the native state. Fractional values of F indi-
cate that there is partial formation of structure. For CI2, at
least, it has been shown that partial formation means there
are weakened interactions rather than a mixture of states
[40]. The same procedure may be applied to the associa-
tion of fragments where the separate fragments are
defined as ‘U’ and the energies are calculated from the
rates and equilibria of association [16] (Table 1). 
The effects of the additional mutations confirm the previ-
ous analysis: the transition state for the association and
complementation of the two fragments is very similar to
that for the folding of the intact protein. Residues in the
transition state, apart from those at the N-terminal section
of the -helix, have low -values, indicating that they are
at the beginning of the process of forming their native
interactions. Residues 12–16, the N-capping box of the
helix, have nearly their full native interaction energies. An
important result in this study is that Ala16, whose
sidechain is stabilized by interactions with the hydropho-
bic core of the protein, also makes its full native interac-
tion energy. The same result has recently been found for
the folding of the intact protein. Further, Shakhnovich et
al. [19] have independently predicted that Ala16 should
form most of its contacts in the transition state. The N-ter-
minal region of the helix is thus the nucleation site around
which the rest of the protein collapses as the protein folds
for both the assembly of fragments and the folding of
intact protein. The conformational preferences of the
residues 12–24 in the isolated fragment CI2(1–40) are not
strong enough to form a significant population of helix.
The additional interactions made with the residues in the
second fragment, C12(41–64), are necessary to stabilize
the helix. The necessity of these additional interactions
has also been shown by examining the structures of a
series of peptide fragments of CI2 of increasing length
from the N terminus; the helix is detected in aqueous
solution by NMR only when 53 residues are present [41].
Structure of native CI2(1–40)⋅×(41–64)
Structure of the complex CI2(1–40)⋅(41–64)
CI2(1–40)⋅(41–64) is the folded state of the association
reaction of the two peptide fragments CI2(1–40) and
CI2(41–64). The 3D structure of CI2(1–40)⋅(41–64) has
been determined in conditions in which the isolated frag-
ments are largely unfolded. The 1H and 15N assignment of
CI2(1–40)⋅(41–64) is similar to the assignment obtained
for intact CI2 ([21]; B Davis, AR Fersht, unpublished
data). Regions where there is significant difference
between the assignments for the intact and cleaved
protein correspond to those areas where the native struc-
ture is disrupted. A previous 15N dynamics study of the
CI2(1–40)⋅(41–64) complex [35] indicated that, although
the protein scaffold was ordered, the loop containing the
cleavage site was largely disordered. This disorder was not
observed in the intact protein. The 15N backbone dynam-
ics results are in good agreement with the calculated solu-
tion structures of CI2(1–39)⋅(41–64). The secondary
structure of CI2(1–39)⋅(41–64) is essentially unchanged
after CNBr cleavage. All elements of secondary structure
present in the intact protein are formed in the solution
structure of CI2(1–39)⋅(41–64). The tertiary structure of
the complex is unchanged and highly native-like. The
effect on the protein scaffold of cleaving the binding loop
is limited to disruption of secondary structure elements in
the immediate vicinity of the base of the loop. Loop
region I, disordered in the solution structures, has low S2
order parameters, which are indicative of a disordered con-
formation. Loop region II, which is relatively well ordered
in the solution structures, has significantly higher S2 order
parameters. Interactions between the protein scaffold
(Ala27, Gln28, Ile30 and Val63) and loop region II (Arg43,
Ile44 and Asp45) may be responsible for restraining this
loop close to the protein scaffold. The retention of a
native-like backbone conformation implies that interac-
tions between residues within loop region II are largely
responsible for the backbone conformation of this region.
Illustrated in Figure 10 are the non-random interactions
described in water, the structure found in the transition
state of the association/folding reaction, the predictions in
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both complementary fragments and the structure
observed in the association complex.
Implications for the mechanism of protein folding
pathways
The experimental evidence in this study is the strongest
and most direct ever seen in favour of a particular mecha-
nism for protein folding because we can directly observe
or infer structural features in the ground state and crucial
transition states. There is a small region of nearly fully
formed structure in the transition state for the associa-
tion/folding reaction comprising residues 12–16 of the
helix that spans residues 12–24 of the folded structure.
The average -value for this region is 0.92. If the associa-
tion and folding occur in separate steps, as in equation 2, it
is possible that the region of the helix is formed in the
‘loose’ association complex. The helical structure contin-
ues to at least residue 20. The helical region is predomi-
nantly unstructured in the ground state of the reaction,
the separate fragments. All other regions of structure
examined have only weak structure in the transition state
and either very weak or non-native structure in the ground
state. The transition state is thus built around a specific
nucleus that is not populated in the ground state. The
nucleus is not confined to just a few contiguous residues
but extends across the protein. We term this ‘nucleation-
condensation’ [11,12]. 
Nucleation-condensation versus classic nucleation
The term nucleation usually refers to nucleation of crystal
growth or -helix formation where a few molecules or
residues form a nucleus that serves as a template on which
the rest of the structure grows. Wetlaufer [42] also used
this term to mean a few residues local in the sequence
adopting a conformation randomly that then served as
template for the growth of the rest of the structure. A true
nucleation mechanism would imply that the -values
outside of the nucleus should be zero. They are not, and
so it is clear that some of the remainder of the protein is in
approximately its native conformation. Nucleation and
overall structure formation are thus coupled, and the
folding process is highly cooperative. The nucleus is
simply those residues that are best formed in the transi-
tion state [11]. The nucleus consists mainly of adjacent
residues but, crucially, it has to make some long-range
interactions to be stabilized [12]. Replacement of residues
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Figure 10
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Proposed cluster in aqueous solution
Regions predicted to adopt α-helix structure
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β-strand α-helix β-strand
β-strand
β-strand
Region fully formed in the transition state of the association/folding reaction
Region predicted to adopt β-strand structure
Diagram showing the regions where non-random structure is observed
on the basis of the different NMR conditions, the regions completely
formed in the transition state, the regions predicted in the fragment by
the theoretical methods and the observed secondary structural
elements in the complex in solution. 
within the nucleus by ones that lower stability does not
prevent folding, but merely slows down folding by a factor
close to that for the lowering of stability. Extensive muta-
tion of one of the two putative nucleation sites in barnase,
a helix spanning residues 6–18, and its contacts with the
protein causes the helix to be consolidated only late in
folding and for the transition state to be more compact
elsewhere in the protein [43]. It is possible, therefore, that
alternative nucleation sites will arise if a particular one is
destroyed in more complex proteins. Theoretical studies
suggest that nucleation mechanisms are a particularly effi-
cient means for initiating folding [12,44,45]. 
Materials and methods
Materials
CNBr was purchased from Fluka (Switzerland). DE-52 resin was
obtained from Whatman Maidstone (England). D2O and TSP were
obtained from Aldrich Chemical Co. (Gillingham, UK); d3-acetic acid
and d3-sodium acetate were from SIGMA. 15NH4Cl was obtained from
CK Gas Products Ltd (Finchampstead, UK). Standard suppliers were
used for all other chemicals and water was deionized and purified on
an Elgastat system.
Preparation, cleavage and purification of the fragments
The preparation, purification and cleavage of the wild-type fragments
have been previously described [13]. Uniformly 15N-labelled CI2 was
prepared and purified as described previously [17]. Mutations were
introduced in CI2 at positions 3 (T3A), 8 (L8A), 16 (A16G), 18 (K18A),
30 (I30V), 32 (L32V), 49 (L49A), 50 (F50L) and 57 (I57V). The
mutants were produced, expressed and purified as described previ-
ously [46]. Preparation, cleavage and purification of the mutant frag-
ments were the same as for the wild-type fragments [13]. 15N-labelled
fragments were prepared by cleavage of the respective 15N-labelled
protein. The concentration of the fragments was determined using the
tabulated molar extinction coefficients from model compounds [47].
These fragments were purified by reverse-phase HPLC and were
determined to be >98% pure by analytical HPLC. The composition of
the fragments was checked by time-of-flight mass spectrometry and
the purified samples were lyophilized and stored at –70ºC.
Kinetics and equilibria for association of fragments 
The rate constant for the association of mutant CI2(1–40)A16G with
wild-type CI2(41–64) and the rest of the mutants analyzed here
(Table 1) were determined under first-order and second-order condi-
tions at 25ºC in 10 mM phosphate buffer (pH 6.3) as described previ-
ously [14]. The dissociation constant of the resultant complex was
determined by isothermal titration at 25ºC and by thermal titration [16].
NMR spectroscopy 
The spectra were recorded on a Bruker AMX-500 spectrometer. All the
spectra were acquired at 5ºC for the fragments and 25ºC for the
complex. 1H chemical shifts are quoted relative to external TSP
(0.0 ppm) measured at the same solution conditions for the fragments
and as an internal reference for the complex. All heteronuclear spectra
were referenced to the signal of 15NH4SO4. The assignments for wild-
type CI2(1–40) and CI2(41–64) fragments and for the complex
CI2(1–40)⋅(41–64) are available as Supplementary material (published
with this paper on the internet).
NMR characterization of fragments
Lyophilized peptides were dissolved in 0.5 ml 50 mM buffer (sodium
d3-acetate, pH 4.6) in 90% H2O/10% D2O. For the experiments at
pH 1.8, the pH was adjusted with small amounts of HCl. For experi-
ments carried out in GdmCl, the appropriate amount of a 7 M GdmCl
stock solution was added and the corresponding amount of the 90%
H2O/10% D2O was used to ensure a final volume of 0.5 ml. The pH
was readjusted with small amounts of HCl or NaOH. In all cases, the
pH was measured using a Russell glass electrode. No correction was
made for the isotope effects. Peptide concentrations were between 1.5
and 2.0 mM for the homonuclear experiments and between 1 and
1.5 mM for the heteronuclear experiments. No concentration depen-
dence of the NMR signals was observed in that concentration range.
The temperature dependence of the amide signals for every fragment
was followed by 1H TOCSY experiments [48,49] for the unlabelled
samples and HSQC [50] for the 15N labelled samples, at several tem-
peratures within the 5–25ºC range. 
Homonuclear experiments. 2D homonuclear NOESY [51], ROESY
[52] and TOCSY spectra were acquired. The spectra were recorded in
all cases with 2048 complex data points, and 128 t1 increments using
the TPPI method [53]. Typically, 64 scans per t1 increment were
obtained. The water signal was attenuated by using presaturation
during relaxation delay for 1 s and, additionally, in the NOESY and
ROESY experiments during the mixing time. For NOESY and ROESY
spectra, mixing times of 150 and 125 ms, respectively, were used. For
TOCSY spectra, with the MLEV-17 sequence, the mixing times were
70–80 ms. Spectral widths were 8064 Hz in both dimensions for all
experiments.
Heteronuclear experiments. 1H–15N HSQC spectra were recorded
with 128 increments in t1 (15N) and 2048 complex data points in t2
(1H). Typically, 32 experiments were acquired for each t1 increment.
The spectral width was 4000 Hz in the 1H dimension and 1500 Hz in
the 15N dimension. Water suppression was achieved using spin lock
pulses [54]. During acquisition, decoupling was achieved using a
GARP sequence [55]. Proton decoupling was achieved by using a
180º pulse in the middle of the t1 time.
2D 1H–15N HMQC–TOCSY [56] and 2D 1H–15N HMQC–NOESY
[57] were recorded with 256 increments in t1 (15N) and 2048 complex
points in t2 (1H). Typically 88 scans per t1 increment were acquired.
The spectral width in the 15N dimension was 1500 Hz and the spectral
width in the 1H dimension was 8064 Hz. The mixing time for TOCSY
and NOESY experiments were 70 and 150 ms, respectively. Suppres-
sion of the water signal was achieved during relaxation delay prior to
experimental acquisition, and in the NOESY spectrum during the
mixing time also.
The spectra were processed using BRUKER-UXNMR software on an
Aspect X-32 workstation. Prior to Fourier transformation, the squared
sine bell window functions, shifted 
/4 in the t2 dimension and 
/6 in
the t1 dimension, were applied for the homonuclear experiments; for
the heteronuclear experiments, squared sine bells shifted 
/3 in both
dimensions were applied. Polynomial base-line correction was applied
in all cases in both dimensions. The final 2D data matrix contained
2K × 1K data points.
Assignment of the fragments. Assignment of the fragments was carried
out using standard procedures [20]. First, the spin systems were iden-
tified by HMQC–TOCSY or homonuclear TOCSY experiments. The
residues with an unique spin system were unambiguously assigned at
this stage. These residues were then used in the second stage as start-
ing points for the sequence-specific assignment using
HMQC–NOESY and homonuclear NOESY and ROESY experiments. 
NMR characterization of CI2(1–40)⋅(41–64) complex in
solution
Equimolar amounts of CI2(1–40) and CI2(41–64), as determined by
molar extinction coefficients, were mixed in 20 ml of cooled water and
left on ice for 30 min. The sample was then lyophilized. Samples were
prepared by dissolving the lyophilized CI2(1–40)⋅(41–64) complex in
0.5 ml of 50 mM d3-acetate buffer, pH 4.6, in either 90% H2O/10%
D2O, or 99.996% D2O in exchange experiments. All samples con-
tained 1.5–2 mM CI2(1–40)⋅(41–64) complex. 
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NMR spectroscopy. 3D 1H–15N NOESY–HMQC [58], 3D 1H–15N
TOCSY–HMQC [58], 2D 1H–15N HSQC, and 2D homonuclear 1H
NOESY, TOCSY and DQF–COSY spectra were acquired. Spectra
were recorded using TPPI. Homonuclear NOESY and TOCSY spectra
were recorded with 2048 data points in t2 and with 512 t1 increments.
DQF–COSY [59] spectra were recorded with 4096 points in t2 and
800 t1 increments. Solvent suppression was achieved through on-reso-
nance presaturation of the solvent signal. 2D 15N–1H HSQC spectra
were recorded with a spectral width of 4200 Hz (1024 points) in the
1H dimension and 1500 Hz (256 points) in the 15N dimension. 3D
15N–1H NOESY–HMQC and 15N–1H TOCSY–HMQC spectra were
recorded. GARP decoupling was used throughout. In all 3D experi-
ments the 15N spectral width was set at 1500 Hz, and 64 increments
were acquired in this dimension. DIPSI-2 mixing [60] was used in the
TOCSY-HMQC experiment. The F1 1H dimension in 3D experiments
was acquired with 256 increments over a spectral width of 6500 Hz.
The F3 dimension was acquired with 512 data points over a spectral
width of 4000 Hz. Eight transients were acquired for all 3D spectra.
Solvent suppression was achieved by presaturation of the solvent
signal or by using a spin-lock pulse. Mixing times of 150 ms, 70 ms and
60 ms were used for NOESY, 3D TOCSY and 2D TOCSY experi-
ments respectively. 
All spectra were processed and analysed using FELIX 2.1 (BIOSYM).
Data were zero filled once in all dimensions, and a mild sine bell
window function was used. Linear prediction was used to increase the
number of data points in the heteronuclear dimension of 3D experi-
ments. Convolution of the acquired FIDs was used to suppress the
residual H2O signal [61].
Sequential assignment and structural calculations. Sequential assign-
ment of CI2(1–40)⋅(41–64) was accomplished using the standard pro-
tocol [20]. The 2D 15N–1H HSQC spectrum was used as a template
for the identification of amino acid spin systems in the 3D 15N–1H
TOCSY–HMQC spectrum. 2D homonuclear TOCSY and DQF–COSY
spectra were used to complete the assignment of all sidechains. Aro-
matic ring spin systems were resolved in the 2D homonuclear spectra.
Hse40, formed by the action of CNBr on Met40, was excluded from all
structural calculations. The Hse is a lactone, but undergoes mild alka-
line hydrolysis to give the Hse with free carboxylate. The presence of a
Hse carboxylate can induce conformational changes in the polypeptide
chain [62]. Thr39 was used as the C-terminal residue of the fragment
CI2(1–40). The structures calculated are, therefore, of the peptide
chain CI2(1–39)⋅(41–64). NOEs from the 1H–15N NOESY–HMQC
and 1H NOESY spectra were assigned and classified as strong,
medium or weak on the basis of the number of contour levels. These
categories correspond to interproton distance constraints of
1.8–2.7 Å, 1.8–3.3 Å and 1.8–5.0 Å, respectively. Non-stereospecifi-
cally assigned methylene and averaged aromatic protons were
accounted for using r–6 distance averaging. 0.5 Å was added to the
upper limit for each methyl group involved in an NOE [63]. Slowly
exchanging HN protons were identified from the 1H–15N HSQC
spectra acquired in D2O (LS Itzhaki, JL Neira, AR Fersht, unpublished
data). These protected protons were used to identify amide groups
involved in hydrogen bonding. The identification of amide groups pro-
tected from 1H/2H exchange was complicated by the rapid 1H/2H
exchange observed for the CI2(1–40)⋅(41–64) complex, typically more
than 25 times faster than the rates observed for intact CI2 (DE Otzen,
B Davis, AR Fersht, unpublished data). No hydrogen bonding con-
straints were included in the initial structural calculations. Hydrogen
bonding constraints were included in later structural calculations only if
the hydrogen bond acceptor associated with an amide group could be
unambiguously identified. 3JN coupling constants were measured
using a data fitting procedure based on the excised multiplet pattern of
the corresponding cross-peak in the 15N–1H HSQC spectrum [64].
The uncertainty in the calculated 3JN values was estimated to be
± 0.1 Hz. Values of 3JN were obtained for 52 of the 64 residues using
this method. Six residues were in crowded regions of the 15N–1H
HSQC spectrum, and the 3JN coupling constant could not be mea-
sured for these residues. Values of 3JN were translated into  angle
constraints as follows: 3JN < 4 Hz,  = –60° ± 30°; 3JN < 5.5 Hz,
 = –60° ± 40°; 3JN > 9 Hz,  = –120° ± 30°. These boundaries
constrained 38 of the 63  angles. Additionally,  55 was constrained
to +60° ± 30° on the basis of its intermediate 3JN value and strong
intraresidue HN–H NOE [20]. 1 constraints were determined by a
qualitative analysis of intraresidue NOEs and 3J coupling constants
[65]. Rotamers were constrained to ± 60° about the preferred 1
angle.
All structural calculations were carried out on a Silicon Graphics Indigo
2 using the program X-PLOR 3.1 [66]. Initial structures were calcu-
lated using simulated annealing of a template structure with random-
ized backbone torsion angles [67]. Subsequent structures were
calculated using the distance geometry-simulated annealing protocol
[66,67], with backbone and C, C	 atoms embedded into coordinate
space. Embedded structures were refined by simulated annealing. The
final ensemble of 40 structures was refined by 4000 cycles of
restrained Powell energy minimization. Van der Waals’ hard sphere
radii were set at 0.8 times that of the CHARMm radius [68]. A total of
651 experimentally determined constraints were used in the final round
of structure calculations. These consisted of 566 NOE-derived dis-
tance constraints, 28 hydrogen bond derived distance constraints, 39
 and 18 1 torsion angle constraints. Structures were analyzed using
QUANTA (MSI) and INSIGHT II (BIOSYM). Secondary structure
content was calculated using the program DSSP [69]. The program
PROCHECK [36] was used to analyze backbone and sidechain torsion
angles.
Structure of CI2(1–40)⋅(41–64) complex in the crystal
Crystallization, X-ray data collection and reduction. Crystals were
grown by vapour diffusion using the hanging drop method [70], from a
solution containing 40% ammonium sulphate and 50 mM Tris-HCl
pH 8.0. 2.5 µl of the reconstituted fragment complex,
CI2(1–40)⋅(41–64), at a concentration of 22 mg ml–1 were mixed with
the crystallization solution in a 1:1 ratio. Large hexagonal crystals grew
after 24 h at 23ºC, belonging to space group P622, and having cell
dimensions a = b = 69.17 Å, c = 53.91 Å (isomorphous with wild-type
CI2 crystals [5]). A single crystal was mounted in a thin-walled glass
capillary such that the unit cell axis c* was parallel to the glass wall. X-
ray data were collected at room temperature using a Mar Research
image plate detector, with in-house, monochromatic Cu K X-rays gen-
erated by a rotating anode. Unless stated otherwise, all data process-
ing, data reduction, electron density syntheses and structural analyses
were carried out using CCP4 software [71]. Indexing and intensity
measurements of diffraction data were carried out with the MOSFLM
program suite [72].
Crystal structure determination and refinement. As crystals of
CI2(1–40)⋅(41–64) are isomorphous with wild-type CI2 P622 crystals,
we calculated an initial crystallographic R factor and 2Fo–Fc and Fo–Fc
electron density maps based on the diffraction data and the wild-type
CI2 structure. The 2Fo–Fc electron density map was of high quality in
nearly all regions of the protein structure. The unit cell contains one
CI2(1–40)⋅(41–64) complex per asymmetric unit. The initial crystallo-
graphic R factor, based on all diffraction data in the resolution limit
7.0–2.2 Å was 44.1%. The wild-type structure was used as a starting
model and split into two separate chains, A (residues 1–40) and B
(residues 41–64), for modelling and refinement. Initial structural refine-
ment consisted of simulated annealing slow cooling (initial temperature
3000K) using X-PLOR 3.1 [66], which decreased the R factor to
26.5% and resulted in a significantly improved electron density map
and a model with good stereochemistry. Subsequent refinement was
performed with the Hendrickson–Konnert restrained least-squares
program PROLSQ. Data collection and structure refinement are sum-
marized in Table 3.
Solvent molecules were added only if they had acceptable hydrogen
bonding geometry contacts of 2.5–3.5 Å with protein atoms or with
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existing solvent, and were in good 2Fo–Fc and Fo–Fc electron density.
Peaks above 3.0 s in the Fo–Fc map were found using the program
PEAKMAX and examined for contacts with protein or solvent atoms
with the program WATPEAK. Occupancy of solvent molecules was set
at unity and not refined. Structural coordinates have been deposited in
the Brookhaven Protein Data Bank as 1BXX.
Secondary structure prediction for the fragments. The algorithm for
prediction of protein segments with well defined conformations [33,34]
was used to predict secondary structure in the absence of tertiary
interactions. In this algorithm, the protein backbone conformation is
described as an ensemble of seven structural states: A and C repre-
sent  and 310 helix, respectively; B and P correspond to extended
structures, with B indicating a -strand conformation; G and E corre-
spond to positive values of  angle; and finally, O involves the cis-
peptide conformations.
We used the FUGUE program because it was one of the first programs
specifically designed for prediction of secondary structure in protein
fragments. In this program, windows with fixed length were slid along
the sequence, computing the lowest energy conformation for the frag-
ments. We used the algorithm version where the predictions for the
segment delimited by each window includes contributions for flanking
residues beyond the window.
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X-ray data collection and refinement statistics.*
Data collection
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F>§ 59.8 (25.7)
Structure refinement
Rcryst (%), 7.0–2.2 Å, F>0# 18.0
bond (Å)** 0.017
angle (deg)** 2.28
No. atoms in refinement 526
No. solvent molecules†† 48
Mean Bmc (Å2)‡‡ 20.1
Mean Bsc (Å2)‡‡ 27.4
*Values in parentheses refer to the highest resolution bin. †Wild-type
CI2 unit cell dimensions are a = b = 69.02 Å, c = 52.89 Å. ‡Rmerge
gives the agreement between intensities of repeated measurements of
the same reflections and can be defined as (Ih,i–<Ih>)/Ih,i, where Ih,i
are individual values and <Ih> is the mean value of the intensity of
reflection h. §Calculated by the CCP4 program TRUNCATE. #The
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